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EXPERTMENTAT, DETERMINATION OF SODIUM VAPOR EXPANSION
CHARACTERISTICS WITH INERT-GAS-INJECTION
PRESSURE-MEASURING TECHNIQUE

by Landon R. Nichols, Stanley M. Nosek, Charles H. Winzig,
and Louls J. Goldman

Lewis Research Center

SUMMARY

An inert-gas-injection technlque was successfully used to measure accu-
rately the static pressures of vaporous sodium expanding through an axisymmetri-
cal convergent-divergent nozzle. Wall-pressure and axial-pressure profiles
through the nozzle were determined. A search probe was actuated axially through
the nozzle with a bellows seal to separate the sodium from the atmosphere.

The research nozzle was 3.75 inches long with an inlet diameter of 3 inches
and an outlet dlameter of 0.845 inch. The throat of the nozzle had a diameter
of 0.677 inch and was located 2.52 inches from the nozzle inlet. The nozzle
inlet pressure was varied from approximately 6 to 29 inches of mercury absolute;}
the Inlet temperature ranged from 1380° to 1650° F, and vapors with indicated
superheat up to 60° F were studied. The recelving pressure was varied to allow
essentlally complete expansion through the supersonic nozzle.

Comparison of the experimentally determined expansion characteristics of
the metalllc vapors with a theoretical one-dimensional isentroplc expansion of
a gas indicated that an expansion index n of 1.3 (from the law pvl = ¢, vhere
p 1is absolute pressure, v 1s specific volume, and c¢ 1is a constant) best
represented the experimental data over the range of nozzle inlet conditions in-
vestigated.

Further study at higher levels of superheat are recommended to substantiate
results.
INTRODUCTION
The application of alkall metals as working flulds for space power Rankine

systems has emphasized the need for accurate and more extensive knowledge of
thelr physlcal and thermodynamlec properties. This knowledge 1s essential to



evaluate properly the processes, such as vaporizatlon, expansion, and condensa-
tion, that occur in this cycle. The vapor phase 1s of particular concern be-
cause 1lts properties are complicated by molecular welght changes due to poly-
merization reaction and also, because it 1s a condensible, by changes in phase.
The proper design of turbines is, therefore, of particular concern because under
the rapidly expanding flow conditions in a turbine these changes are difficult

to predict.

Currently, there are two cholces usually considered for the process on
which to base the design of a turblne. One 1s the equilibrium expansion proc-
ess, ln which the expanslon 1s assumed to occur with equllibrium both between
physical phases of vapor and llquld and between chemical reactlon species of
monatomlc and dlatamlc molecules. The second choilce is a supersaturated expan-
sion process, which in references 1 and 2 1s indicated as perhaps more plau-
slble, at least for sodium vapor. In this process, 1t is assumed that conden-
satlon is delayed so that the fluld remains vaporous throughout the expansion.
It is also assumed that the expansion proceeds too rapldly to allow any change
in the chemical equilibrlum from the initlal state point. The vapor 1s presumed
to behave as an ldeal gas, and the ratioc of the specific heat at constant pres-
sure to the specific heat at constant volume 1s taken as the Index n 1in the
law pvll = ¢ for the expanslion process. (Symbols are defined in appendix A.)
The theoretically calculated performance between the two processes 1s signifi-
cantly different; consequently, a more accurate identification of the expansion
process 1s required. Thermodynamlc-property data may be taken from references
such as reference 3, a comprehensive compllation for most alkall metals, or
reference 4, which 1s specifically for sodium.

The purpose of the investigatlion reported herein was to determine the ex-
panslon process 1lndex for saturated and superheated sodium vapor. The pressure
distribution of the sodium vapor expanding through a convergent-divergent nozzle
was to be measured, and the results were then to be compared with the pressure
distribution theoretically calculated for a gas expanding isentropically. The
accurate pressure measurements necessary for thls purpose were to be attempted
by the use of an lnert-gas-lnjection technique. By this method, the sodium
process pressure 1ls null balanced with an inert gas barrier so that readings
could be taken with a mercury mancmeter.

The nozzle Inlet pressure was varled from approximately 6 to 29 lnches of
mercury absolute, and the receiving or condenser pressure was variled from 1 to
7 inches of mercury absolute to provide supersonic flow through the nozzle.
Heat was added to the vapors leaving the liquid-vapor separator in an attempt
to evaporate any entralned. droplets and thus obtain dry vapors into the nozzle.
Vapors, with up to 60° F indicated superheat, were used.

In addition to pressure measurements along the wall of the nozzle, the
statlc pressure along the axls of the nozzle was also measured with a bhellows-
sealed traversing probe. The probe was also used to detect signs of condensa-
tion by providing measurements over small increments of travel.
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EQULPMENT
Vapor-Generation System

The investigatlion covered by this report was conducted in a sodium flash-
vaporization facility. A detalled discussion of the facility and the generation
of sodium vapor is given in reference 2. To carry out the research reported
herein, the facility was modified by replacement of the simple convergent noz-
zle and the environmental chamber with a convergent-divergent nozzle research
assembly. Heaters were added to the 3-inch vapor line for superheating the va-
por from the separator to the nozzle. A brief discussion of the process scheme
of the facility will be given here with reference to figure 1, which indicates
the major components and peak design parameters.

Nozzle research assembly
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Figure 1. - Schematic drawing of sodium flash-vaporization facility.

Saturated liquid at temperatures as high as 1620° F and at flow rates up to
50 gallons per minute (19,000 lb/hr) is cilrculated by an electromagnetic pump
from a liguid-vapor separator to the main heater. The compressed liquid is
heated to 1700° F in the electrical-resistance heater. Decompression of the
liguld due to flow through an orifice located at the outlet of the heater aliows
fractional vaporilization. The two-phase mixture is separated in a centrifugal
separator. The liquld portion passes out of the bottom and returns to the pump.
In parallel with the pump is an oxide control and indicating system to maintain
and monitor the purity of the molten sodium.

Vapor at rates up to 300 pounds per hour passes from the separator, through
the superheater, the convergent-divergent nozzle, and then to an air-cooled
condenser. The saturated condensate enters an accumulator from which it flows
through the secondary pump and flowmeter before combining with the primary



liguid flow from the separator.

Nozzle Research Assembly

The nozzle research assembly is shown schematically in figure 2 and iso-
metrically in figure 3. The thermodynamlic path is shown on the enthalpy-
entropy dlagram in figure 4 wlth state points corresponding to those shown in
figure 2. The assembly is composed essentially of an axisymmetrical convergent-
divergent nozzle with wall static-pressure taps, and a bellows-sealed axial-

static-pressure probe.
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Figure 2. - Schematic drawing of nozzle research assembly.

Nozzle and wall taps. - A schematic diagram of the nozzle 1s shown in fig-
ure 5. The convergent section of the nozzle 1s elliptical in contour and fairs
at about 1/4 inch downstream of the throat into a conical divergent section.
The nozzle was machined from 316 stalnless steel. After completion of the con-
tour, the nozzle was mounted on a Jig boring machine, and diameters at various
axial locations were measured. The contour at the throat was flat for 0.030
inch. The throat tap was located at the middle of the flat, and the remaining
eight wall taps were then located with the throat tap as reference. The loca-
tlons of the wall taps and the contour diameters at these locations are listed
in figure 5. A l/B—inch drilll was passed perpendicularly from the outside wall
of the nozzle to within 0.060 inch of the inside wall of the nozzle. The pres-
sure taps were completed with 0.020-inch burr-free, square-edge holes. A pres-
sure transfer line of l/é—inch 316 stainless-steel tubing with a 0.095-inch-
thick wall connects each tap to a sodium isolation valve.

The inlet to the nozzle has a diameter of 3.06 inches and is welded to the

3-inch vapor plipe at the upstream-strut probe support. The diameter is 0.677
Inch at the throat and 0.845 inch at the outlet, while the length from the inlet
to the outlet is 3.75 inches. The nozzle is welded to a 3-inch tee at the

downstream-strut probe support.
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Figure 5. - Diagrammatic sketch and dimensions of nozzle. The upstream end of the probe

1s closed off with a tapered plug.

The portion passing through the

tee and bellows assembly is en~
closed in a 28-inch length of l/4-inch tubing. The annulus at the ends of the
two tubes 1s welded shut, and the end 1s connected to a l/é-inch bellows-sealed
sodium isoclation valve. Four 0.020-inch static pressure sensing holes, spaced
90° apart radially, are located in the probe 6.685 inches from the left end of
the l/4—inch tube. With the l/é-inch tube against the downstream probe support
as a stop and position reference, the sensing holes are at the inlet of the
nozzle. The dlstance from the strut to the throat wall tap was measured (see
fig. 5); therefore, as the l/4-inch tube traveled away from the strut, the trav-
el and exact location of the probe relative to the nozzle could be readily de-

termined.

The probe together with the l/é-inch tube are driven by the bellows-sgealed
l/é-inch pipe through which they pass. The right end of this plpe terminates
at the tie-rod connector and is closed around the l/4-inch tube. The left end
terminates in the 3-lnch tee, which serves to connect the nozzle, the bellows

assembly, and the condenser.

The composite bellows was fabricated from four single-ply 0.005-1inch

stainless-steel bellows with an outside dlameter of 3%% inches and an inside

dlameter of 3 inches. Each of the bellows sectlions has nine corrugations. The
sections were Jolned wlth connector rings by furnace brazing in a reducing at-
mosphere. The right end of the composite bellows was brazed to a stainless-
steel disk, which was welded to the l/4—inch pipe. The left end of the bellows
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was brazed to a ring, which was welded to a support disk. The bellows housing
is welded to the same disk, and the disk is, in turn, welded to the tee. A
hole through the center of the disk provides passage and support for the
l/4—inch pipe containlng the probe. A hole at the bottom of the disk allows
free drainage of sodium from the bellows chamber into the tee.

The bellows housing is an 1ll-inch length of 4-inch plpe with the inside
surface smoothly finished. The right end of the housing contains a conventional
packing gland to support the l/4—inch plpe and to seal the housing. The packing
was made with asbestos string, lubricated with molybdenum disulfide. The bel-
lows housing was equipped with vacuum and argon services to control the pressure
differential across the bellows. When the probe was not being operated, this
differential was maintained at a minimum to prolong the life of the bellows.
When the probe was in operation, the differential was increased sufficiently to
allow the probe to move in (upstream). The pneumatilc drive mechanism was uti-
lized to control the motion and the position. The probe was moved out (down-
stream) entirely by the pneumatic drive with no assistance from pressure differ-
ential across the bellows.

Pressure-measuring techniques. - The 11 wall pressure taps, that is, the
nozzle inlet pressure tap, the nozzle pressure taps, and the recelving pressure
tap, were jolned to a common manifold {fig. 2). ILine heaters were used to
sustain the pressure transfer lines (connecting the wall taps to the respective
isolation valves) and the isolation valves at 250° to 400° F when pressure
measurements were being taken. With the deslred nozzle inlet conditions and
the desired receiving pressure set, the manifold and the U-tube mercury-filled
manometer are pressurized with argon to a few inches of mercury greater than
the nozzle inlet pressure as determined by the vapor pressure in the separator-'
The argon is introduced through a visual glass-bowl bubbler partly filled with
mineral oil.

The wall pressures were generally taken in sequence beginning with the
farthest upstream or nozzle inlet pressure tap. The appropriate sodium isola-
tion valve 1s opened to permit the flow of argon into the nozzle. The inert-
gas pressure null balances the pressure of the sodium vapor as indicated by no
further change in the mercury column. Pressure measurements taken both with
gas flow, as indicated by the vlsuwal bubbler, and wilithout gas flow showed no
difference in the measured pressure 1f the gas flow did not exceed about 8 cubic
centimeters per minute at the pressure existing in the manifold system. Fre-
guent random checks showed no differences in the measured pressure. Sequential
measurements are desirable to reduce the amount of lnert gas injected into the
process system. A manifold inert-gas pressure, a few inches of mercury greater
than the predicted system pressure, 1s needed initially to force any condensed
sodium between the 1solation valve and the 0.020-inch wall tap into the flowlng
sodium vapor stream.

Axial-pressure-probe measurements were also made with the inert-gas null-
balance technigue. The probe was also eguipped with a sodium isolation valve.
The axial probe and the pressure transfer line up to and including the valve
were heated with electrical-resistance heaters and heating lamps when pressure
measurements were being taken. Pressure profiles were taken with the probe



moving out (from high to low pressure) and with the probe moving in (from low
to high pressure).

With the probe positioned to the extreme upstream position (the l/é-in.
tube pressed agalnst the downstream face of the downstream probe support) the
inert-gas side of the 1lsolation valve was pressurized 2 or 3 inches of mercury
above the predicted nozzle inlet pressure.

The isolation valve was opened, and the argon was injected into the probe
and, consequently, the process system. After the null-pressure condition was
reached, the probe drive mechanism was started and the probe was moved slowly
outward. No additional argon was passed through the bubbler into the system;
rather, as the probe moved out (from highest to lowest pressure), the argon in
the pressure-probe assembly flowed out into the sodium stream. Here too, tests
showed that continuous injection of not more than 8 cubic centimeters per min-
ute of argon through the mineral-oll-filled bubbler lnto the system had no ef-
fect on the pressure measurements.

When the probe was moved inward (from low to high pressure), it was neces-
sary to stop the probe, open the isolation valve, and permit the inert gas to
depressurize by flowing Into the sodium system. When the null-balance polnt
was reached and the pressure measurement noted, the isolation valve was closed,
and the argon lines up to the valve were repressurized in preparation for anoth-
er axial pressure measurement.

General instrumentation and eguipment. - As shown in figures 2 and 3 the
U-shaped 10-foot length of 3-inch pipe, connecting the separator and the nozzle,
is equipped with electrilcal heaters. Semicylindrical heaters placed on the
straight sections of the pipe and tubular heaters located at the bends served
as superheaters for the sodlium vapor flowling from the separator. Power to these
heaters was regulated manually with autotransformers.

Chromel-Alumel thermocouples were attached to the surface of the vapor line
to facilitate control of the superheaters. Sheathed thermocouples were placed
directly in the vapor stream upstream and downstream of the nozzle. FEach 1so-
lation valve body was equipped with a thermocouple to ensure that the valve
temperature was above the freezing temperature of sodium.

The wall static pressures were read on a mercury manometer. The acquisi-
tion of these data was entirely manual. )

The axial-static-pressure probe was attached through the tie-rod connector
to a pneumatic actuator (figs. 2 and 3). Instrument air was introduced to the
actuator by a motorized pressure regulator. Fifteen minutes were required for
a traverse with the probe. A rectilinear potentiometer attached to the connec-
tor was used to determine the position of the probe. The distance from the
bellows housing to the tie-rod connector was determined frequently with a
micrometer to check the potentiometer calibration. The millivolt output of the
potentiometer was recorded on the Y-axis of a dual-axls recorder.

The axial pressure was read from a manometer; it was also sensed by an




unbonded strain-gage pressure transducer. The mlllivolt output of the trans-
ducer was recorded on the X-axis of the duval-axis recorder.

PROCEDURE
Operating Conditions

The nozzle research assembly was pretested with air at ambient temperature
prior to installation in the sodlum facllity. The moisture content of the air
was 1.5 grains per pound of airj thls low molsture content precluded any signif-
icant effect on the expansion process due to condensation. The nozzle inlet
pressure was varied from 10.45 to 29.67 inches of mercury absolute.

In the sodium facility, the nozzle inlet pressure was varied from 5.85 to
28.90 inches mercury absolute, while the receiving pressure was varied from
1.04 to 6.89 inches of mercury absolute. The vapors were heated to attain dry
conditions before expansion. Up to 60° F superheat, as indicated by a rise in
temperature between the separator and nozzle inlet locations 1 and 2 (fig. 2),
was used.

Recording of Data

The wall-static-pressure data for both air and sodium flow were visuvally
noted and manually recorded. The manometer readings were corrected to 32° F
and recorded asg lnches of mercury absolute with a mercury column located on
site to determine atmospheric pressure.

The wall-static-pressure data for alr are tabulated in table I. Three
different runs are tabulated at nozzle inlet pressures of 29.67, 20.10, and
10.45 inches of mercury absolute. Runs 1, 2, and 3 were made with low receiving
pressures, which resulted In essentially no recompression. Only one set of ob-
servations is recorded in table I for each runj; however, duplicate readings
showed no deviations from the initial observatlons.

The wall-static-pressure data for sodlum vapor are tabulated in table II.
Runs 1 to 4 were made with the axial probe inserted, and runs 5 to 8 were made
wilth the probe removed. After the process had operated at steady-state condi-
tlons for at least 1 hour as indicated by temperature at state points 1, 2, 4,
and S5 (fig. 2), the initial set of wall-pressure readings was taken and re-
corded; the initial readings are designated as A. A set of repeated readings
were taken immediately thereafter and designated as AA. In runs 1 to 5, after
1 to 6 hours of further cperation at essentially the same process conditions,
a second set of observatlions was made and partly or completely repeated.
Table II shows the pressure readings corrected to a temperature of 32° F and the
corresponding pressure ratios PX/PZ' Where available, the measured value of
the nozzle inlet pressure p, was used as the common denomlnator. In several
instances, the inlet pressure tap was plugged, and the value of the inlet pres-
sure was approximated by an extrapolation of the available pressure data to
the nozzle inlet. These estimated values are designated in table II by foot-



note. It may be noted that where values of nozzle inlet pressure were measured,
they were essentially the same as the pressure at wall-pressure tap 1. These
estimated values are considered to be as correct as the reproducibility between
repeated readings. Also listed are the temperature data taken during each set
of pressure readings. Various degrees of superheat were used as shown in the
third column of the temperature data.

The axlal-probe static-pressure readings for air are not tabulated. BEx-
cellent reproducibility between the continuous pressure-length traces was ob-
tained on the duasl recorder with the probe traveling in elther direction. An
actuator drive speed to cover the nominal 3.8 inches of travel in 15 minutes
was determined to be the fastest allowable speed. At faster probe speeds, the
transmitted pressure to the transducer (and manometer) lagged behind the actual
nozzle pressure. In order to determine this, the probe was stopped periodi-
cally, and the change of the pressure-recording pen on the dual-axis recorder
and the corresponding change on the manometer were noted. The axial pressures
for air in figures 6 and 7 are presented graphically only and are reproductions

of the original traces.
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Figure 6. - Pressure distribution of air through nozzle. [nlet temperature, 550 F.

The axial-static-pressure data for sodium are tabulated in table III. An
error as high as 0.3 inch of mercury between the pressure trace and the actual
nozzle pressure at a particular locatlon in the nozzle was noticed when the
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probe was in motion. This value was determined by stopping the probe at various
locatlions in the nozzle. At the inlet and the outlet of the nozzle, little
error was noticedj however, as the pressure gradlent Increased, the error in
transmitted reading increased up to about 0.3 inch of mercury. The lag in
transmitted pressure was due to a larger volumetrlc transfer system than that
used with the air-evaluating facility. Therefore, the probe was stopped at in-
tervals, and the pressure output as measured by a mancmeter was recorded as
shown in table III.

Table ITITI contains data from four primary runs. These runs, designated 1
to 4, correspond to wall static data numbered similarly. Each run of axial-
pressure data consists of two or more repeated tests that are lettered chron-
ologically. The process temperature data are listed for each set of data and
indicate stable operation throughout each primary run. The value of the nozzle
inlet pressure p, was determined by a plot of the axial-pressure data and an
extrapolation to the nozzle inlet. This extrapolated value did not differ sig-
nificantly from the farthest upstream posltion of the probe pressure tap, which
was about 1/8 inch downstream of the nozzle inlet.

Analysis of Data
The experimental data have been compared with the theoretical isentropic

expansion of a gas as expressed by the following equation, where one-dimensional
flow is assumed:
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A derivation of this equation is presented in appendix B as applicable to any
substance undergoing a reversible process according to the relation pv? = c.
Since the equation also holds for a perfect gas, the substitution of ¥ for n
allowed the use of the values tabulated in reference 5. In order to find the
expansion process index, the sum of the squares of the differences between the
observed values of pX/pz and the theoretical pressure ratios for various
values of n (or 7v) were graphically minimized. This procedure is outlined in

appendix C.

DISCUSSION OF RESULTS
Flow Characteristics of Air Through Experimental Nozzle

The pressure profiles for air flowing through the convergent-divergent
nozzle are shown in figures 6 and 7. Figure 6 shows the variation of pressure
through the nozzle for three different inlet pressures. Slight recompression
at the outlet of the nozzle 1s noted for run 3. The theoretical isentropic
expansion curve for air (T = 1.4) is shown as a dotted line for run 1 for gen-
eral comparison with experimental data. Up to 2.2 inches from the nozzle inlet,
the wall- and axial-pressure measurements show excellent agreement and deviate
only slightly from the theoretical curve. From 2.2 inches to the outlet of
the nozzle, substantial difference between the wall and the axial measurements
was observed. This is a departure from uniformity of flow as assumed in the

one-dimensional analysis.

The wall measurements are lower than the axial pressures because of the
curvature of the streamlines around the curved surface at the throat of the
nozzle. Due to the resulting centrifugal forces, the pressure increases from
the wall to the axis. The flow in this transonic region 1s supersonic near the
wall at the geometric throat and is subsonic at the axis. Sonic speed is
reached at the centerline downstream of the geometric throat of the nozzle.
This nonuniformity persists to the nozzle outlet.

At about 2.2 inches from the nozzle inlet, the axial measurements show a
decrease in the pressure gradient up to the throat where the gradient increases
to a point 2.6 inches from the nozzle inlet. Beyond this point, the axial meas-
urements again exhlbit excellent conformity to the theoretical one-dimensional
expansion. This temporary departure of the axial pressure from the theoretical
in the transonic region may be due to a compression shock of unknown origin in-
teracting with the boundary layer to exert pronounced changes in the flow
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pattern (ref. 6).

The alr data are shown in figure 7 as the varlation of pressure ratio
through the nozzle. The axial data colncide (up to the point of recompression
in run 3) and indicate the plausibility of the one-dimensional analysis. The
wall measurements also show good agreement and, as in flgure 6, show departures
from the axlal data.

Flow Characteristics of Sodium Vapor Through Nozzle

Wall-pressure data. - The varilation of pressure through the nozzle as meas-
ured by wall taps 1s shown in flgure 8 for the eight runs made with nozzle inlet
pressures ranging from 5.85 inches of mercury (run 8) to 28.90 inches of mercury
(run 4). Some recompression is noted at the nozzle outlet for runs 1, 4, and 8.
Theoretical expansion curves for varlous isentroplic indexes are shown as dotted
lines. Near the inlet of the nozzle, experimental data indlcated generally a
process index of 1.2 or less. Where the pressure gradient becomes fairly large
at about 2.2 inches from the nozzle inlet, the data indicate (with the exception
of run 4A) a process index of about 1.3. Run 4A was made with 33° F superheat
and shows the anomaly of temporarily reduced pressure gradient in the transonic
regime as noted previously with the axial-pressure data with air flow. A
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(a) Runs 1to 3.

Figure 8. - Variation of wall pressure measurements through nozzle (sodium vapor).
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Figure 8. - Concluded. Variation of wall pressure measurements through nozzle (sodium vapor).

disturbance of the flow for this run is also noted in the supersonic reglon be-
tween nozzle taps 7 and 9. At tap 8, the process index appears to be 1.45.
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Figure 9. - Variation of static- to inlet-pressure ratio along nozzle wall {sodium vapor).
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The data are shown as the variation of pressure ratio PX/PZ through
the nozzle in figure 9. By inspection runs 1, 2, and 3 (fig. 9(a)) show an
expansion index of about 1.3. In figure 9(b), run 4A indicates an expansion in-
dex as low as 1.05 at the throat. Run 4B shows an expansion index of 1.35 to
1.4. Runs 5 to 8 (fig. 9(c)) exhibit expansion indexes between 1.3 and 1.4
when neglecting the slight recompression at the nozzle outlet.
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Figure 9. - Concluded. Variation of static- to inlet-pressure ratio along nozzle wall {sodium vapor).

The wall-pressure data for each run were treated as discussed in appendix C
to determine the best approximation of the expansion process index for (1) the
convergent section, (2) the divergent sectlon, and (3) the overall expansion
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process. Also the ratio of the pressure as measured at the throat of the nozzle
to the nozzle inlet pressure Pt/PZ was used to calculate the process index

by means of equation (B10) of appendix B. These results together with the con-
ditions at the nozzle inlet are summarized for each run in the following table:

Run Nozzle inlet Expansion process index, n
Pressure, Tempefature, Superheat, At Convergenti| Divergent Overall;
P T, OF throat,| section, |section, ng
in. Hg abs OF ng n, ng
1 25.40 1613 20 1.26 1.26 1.26 1.26
2 17.01 1526 10 1.35 1.35 1.28 1.29
3 8.58 1443 35 1.25 1.29 1.23 1.25
44 | 228.70 1647 33 1.06 1.16 1.24 1.24
4B 828.83 1624 9 1.34 1.38 1.29 1l.32
5A | 815.42 1504 0 1.33 1.29 1.27 1.27
5B | @15.74 1565 62 1.40 1.42 1.32 1.33
6 5.90 1383 35 1.30 1.27 1.27 1.32
7 8.41 1423 23 1.28 1.27 1.23 l.22
8 12.08 1482 ‘ 23 1.33 1.33 1.27 1.30

aExtrapolated values.

The only significant difference between these expansion indexes, as cal-
culated by the method of appendix C, is for the convergent section of the nozzle
for runs 4A and 5B. Run 4A was made with 33° F superheat and shows a convergent
expansion index n, of 1.16. Run 5B with 62° F superheat shows a value of
1.42 for the index. Comparison of runs 1, 7, and 8, with runs 3, 4A, and 6,
which were made with essentially the same superheat, indicate no effect of noz-
zle inlet pressure (or temperature) on the index. Similarly, no effect on the
value of the index is noted with varied levels of superheat notwithstanding the
differences in the index between runs 4A and 5B. It i1s noted that the expan-
slon process index n; as determined by the static pressure measured at the
throat of the nozzle, with the exception of run 4A, is not significantly dif-
ferent from the other indexes determined by use of all the available data.

Runs 5 to 8, which were made with the axial probe removed, are not significantly
different from runs 1 to 4, which were made with the probe inserted.

Since no significant trends in the process index are apparent, all the
data are consolidated to determine values of the convergent, the divergent, and
the overall expansion indexes (nc, ng, and no), as outlined in appendix C.
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Also an average value of throat expansion index

following table:

obtained from the average
value of Pt/PZ for the runs was determined. These values are given in the

Expansion process Numerical
index, value
n

At throat, ng
Convergent section, n,

Divergent section, ng

Overall, ng,

Axial-pressure data. - The pressure distributions through the nozzle as
10. The four runs were made
with essentially the same operating conditions as those for the corresponding

determined by the axial probe are shown in figure

wall-pressure readings, with the exception of run 4A, which was made with 33° F

superheat when the wall data were being recorded and 10° F superheat when the
search probe data was being obtained. This is noted by a comparison of tables

II and IIT in which the wall-tap data and the axial-pressure data, respectively,
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Figure 10. - Variation of axial pressure measurements through nozzle (sodium vapor).
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are given. Generally, after the desired process conditions were established,

a set of wall-tap pressure measurements were taken, followed by the axial meas-
urements; a second set of wall-tap measurements were taken before the process
conditions were changed. For each run in tables II and IIT the process condi-
tions are listed for reference.

The axial search tube was used primarily to attempt to locate the zone of
condensation of the vaporous sodium as well as to obtaln general pressure pro-
files through the nozzle. No changes in the pressure gradient that would be
indicative of condensation were noted.

Figure 10 shows an expansion index of about 1.3 when the recompression at
the outlet of the nozzle 1s neglected. A slight indication of the temporary
decrease 1n the pressure gradlent just ahead of the throat of the nozzle is
noted as alsc observed with the air data.

All the axial-pressure data are plotted in figure 11 as the variation of
pressure ratio through the nozzle. No effect of pressure level or superheat is
indicated. The curve drawn through the data neglects the anomalous points Just
upstream of the throat and those indlcating slight recompression at the nozzle

outlet.
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Figure 11. - Variation of static- to inlet-pressure ratio along nozzle axis (sodium vapor).

A1l the data for the flow of sodium vapor through the nozzle are summarized
in figure 12. The curve drawn through the axial-pressure data (fig. 11) is
shown as a solid curve in figure 12. At each wall tap, the average pressure
ratio for all runs 1s shown together with the high and low values of the pres-
sure ratio. Theoretical-expansion curves for various lsentroplc lndexes are
shown as dotted lines. Wlth the exception of the wall-tap readings at taps 8
and 9, which reflect some recompression, the axial-pressure curve passes through
the mean value of each wall-tap measurement. Inspection of flgure 12 reveals
that the expansion process index indlcated by both wall- and axial-pressure
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Figure 12. - Variation of static- to inlet-pressure ratio along nozzle wall and axis.

data is about 1.3.

The condition of the vapors entering the nozzle was defined entirely on
the basis of pressure and temperature measurements. Without an additional means
of ascertalning the quality of the vapor, the possibility exists that true
superheat may not have been attained; that is, liquld droplets could have been
dispersed in the superheated vapor. The presence of droplets could have af-
fected the expansion process and the resulting index. Consequently, further
study at higher levels of superheat together with accurate measurements of flow
are needed. The expansicn index, as determined herein, alsc includes the effect
of friction in the mnozzle; for example, if the nozzle efficiency were 95 per-
cent, the isentropic index would be about 1.33. More accurate determination of
the isentropic index would, therefore, require knowledge of the actual effi-
ciency of the nozzle.

Thermal growth corrections. - The accuracy of the position at which the
probe static pressures were measured depended on the thermal growth of the
Pressure tap from the downstream strut, which served as a reference stop. For
thermal growth corrections, 1t was assumed that the entire probe was at the
receilving temperature (state 4). The static temperature difference between the
nozzle inlet (state 2) and the receiving zone (state 4) was not greater than
300° F. If the entire probe were at the inlet temperature, the maximum error
in the approximate 4 inches of travel would be 0.15 inch and would occur when
the probe tap was located at the nozzle inlet. At the nozzle outlet, there
would be essentlally no error. Over the complete traverse, therefore, the er-
rors involved in assuming the entire probe to be at the receiving temperature
are consildered to be insignificant or well within the accuracy of plotting the
data as seen by inspection of filgures 11 and 12. In the region of the tie-rod
connector, to which the rectilinear potentiometer was connected, the temperature
was about 300° F and was maintained by electrical heaters. Consequently, it
was also assumed that no significant errors in position were introduced from
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this source.

The temperatures used for the thermal growth of the nozzle were measured
by a surface-welded thermocouple located at the middle of the 4-inch-long noz-
zle. The error lnvolved in the corrected position of a wall tap is not greater
than #0.005 inch.

Vapor-pressure check. - As a check on the pressure-measuring technique,
the nozzle inlet and the recelving pressures were compared with a vapor-pressure
curve recommended in reference 4. The result is shown in figure 13.

100 The pressure measured at
the nozzle inlet (state 2) should
(with line losses neglected) be
the same as the saturation pres-
sure in the separator. Likewilse,
the measured pressures at the
//;#y tee downstream of the nozzle
should correspond with the sat-
zg/ uration pressure in the condenser
rd (state 5). TIn figure 13, the
10 yd pressure measured at the nozzle
© inlet is plotted against the tem-
fw/ perature measured in the separa-
/// tor. The measured pressures
— A range from 5.97 to 28.58 inches
/// | of mercury and show excellent
agreement with the vapor-pressure
curve.

Vapor pressure, in. Hg abs

Ny The measured recelving pres-
1 sures, also indicated in fig-
ure 13, fall above the recommend-
° &m@mr}M%wmd _ ed vapor-pressure curve These
a Receiving .
—— Calculated with equations from ref. 4 : mea?ured pressures are plotted
log p - 6.05389 - 948.4_where T against the temperature of the
T-14.7 — saturated condensate measured
ranges from 720° to 1710° R in the bottom header of the free-
lwp-i&%l-fﬁgz where T draining condenser (state 5).
ranges from 1710° to 2700° R If 1t is assumed that the recom-
l l i l l I | 1 i mended vapor-pressure curve is
'hm 1600 1700 1500 1900 2000 2100 accurate in the low pressure
Temperature, °R area, the partial pressure of
the inert gas, injected for pres-
sure measurement, in the area
of the condenser and the pressure

losses from the tee to the bottom of the condenser probably account for the
discrepancies.

|

Figure 13. - Comparison of measured pressures with pressures cal-
culated with equations from reference 4.
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SUMMARY OF RESULTS

An inert-gas-injection technigue has been successfully used to measure
accurately the pressure of vaporous sodium flowing under steady-state conditions
through an axisymmetrical convergent-divergent nozzle. Nozzle inlet conditions
were varied; pressures ranged from approximately 6 to 29 inches of mercury ab-
solute, while inlet temperatures ranged from 1380° to 1650° F with indicated
superheat up to 60° F above saturated temperature. Pressure distributions
through the nozzle were determined with wall taps and an axial-pressure probe
and were compared with the pressure distributions theoretically calculated for
a gas expanding isentropically. The following results were found:

1. The accuracy of pressure measurements of one- or two-phase flow obtain-
able by the inert-gas-injection technique depends upon the sensitivity of the
read-out instrument. This technique is recommended for use in high-temperature
liquid-phase and vapor-phase liquid-metal systems, where proper analysis of re-
search data requires the measurement of process pressures to an accuracy of a
few inches of water.

2. The axial pressure distribution along the nozzle axis did not differ
slgnificantly from the distribution determined by the wall pressure taps. No
changes 1n the pressure gradient that would be indicative of condensation were
noted. Also, no significant difference in the expansion path as a function of
superheat for indicated superheats up to 60° F was noted.

3. A value of 1.3 for the expansion index relating the pressure and volume
during expansion according to pve = ¢ best represented the nozzle and the
test conditions investigated. Further study at higher levels of superheat to-
gether with accurate measurements of flow are needed to substantiate the re-
sults. True superheat may not have been attained; that is, liquid droplets
could have been dispersed in the superheated vapor.

Lewls Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, January 22, 1964
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APPENDIX A

SYMBOLS
area, sq ft
constant
conversion constant, 32.17 (lb—mass/lb-force)(ft/secz)
mechanical equivalent of heat, 778.2 ft-1b/Btu
process expansion Ilndex
absolute pressure, lb/sq in., or in. Hg abs
ratio of pressure at any location to inlet pressure
temperature, OF
internal energy, Emu/lb
velocity, ft/sec
specifiec volume, cu ft/lb
work, Btu/1b

weight flow, 1b/sec

ratio of specific heat at constant pressure to specific heat at constant
volume

separator vapor outlet
nozzle inlet

nozzle outlet
condenser inlet

condenser outlet

Subscripts:

obs

22

convergent sectlon of nozzle
divergent section of nozzle

overall (convergent and divergent sections of nozzle)

observed or measured



<

t

X

T

throat of nozzle
variable state point

theoretical
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APPENDIX B

DERIVATION OF EQUATION RELATING PRESSURES AND AREA IN
ONE-DIMENSIONAL ISENTROPIC NOZZLE EXPANSION

In one-dimensional analysis of steady-state flow, it 1s assumed that the
radius of curvature of the ducting 1s much larger than the wldth of the ducting
and that the propertles of the flowlng fluid change only in the axial direction.
This implies that any properties required to define the flowing fluld are con-
stant at any plane normal to the stream and that transverse flow does not exist.
This is, of course, not true. By working with average transverse values of the
defining properties, however, this one-dimensional analysls gives a good indica-
tion of the average change in properties along the longitudinal coordinate.

In many cases, flow through a short well-contoured nozzle is essentially
frictionless, and the expanslon process can be considered reversible. Small de-
viations from a frictlonless expanslon can best be expressed by a nozzle effi-
ciency factor or a velocity coefficient. The expansion process through a short
nozzle 1s essentially adlabatic because of the small heat-transfer area avail-
able and the short residence time of the flowing fluld in the nozzle. This
reversible adiabatic (or isentropic) expansion is a valuable gulde for comparing
actual expanslon processes.

The followlng derivatlon relates the area at any location in a convergent-
divergent nozzle to the pressure at the same locatlion, the inlet pressure, and
the area of the throat of the nozzle for critical flow. One-dimensional isen-
trople flow 1ls assumed in the derivation.

The general energy equation for ilsentropic flow in the nozzle from the in-
let to any station within the nozzle can be written as

2 2
= .]_'. YE. Y.z_ 4 . (
Up - Uy = J zg - 2g PxVx - pzvz Bl)

The change in internal energy is independent of the process occurring be-
tween state polnts whether that process is flow or nonflow. Therefore, the
simple energy equation for an isentropic nonflow process can be utilized to show

that
1
up - Uy = W= F p dv (B2)

From equations (Bl) and (B2),
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E=%

X
1
/ P dv = 7z I:V}ZC - V%] + DV - PoVp ) (B3)

2

If it is assumed that the expansion occurs according to the formula
pv! = ¢, equation (B3) becomes

X
v _ 1

c _—

2 2
vn Zg [VX - VZ] + vaX - PZVZ (Bé)
V2
Integrating the left term of equation (B4) and rearranging by means of the rela-

tlon py,vE = p vE = ¢ reduce equation (B4) to

l-n _ -n
T e Bx T PR Lz gzl g (B5)
1 -1 = 1 - n =2z |'x " Y2 DxVx = P2V

which holds for any substance undergolng a reversible process according to the
relation pvll = c.

From equation (BS) the veloclty at state x 1is expressed in the followlng
equatliont

1/2

2gnp,v. kY
— a2 <_§. -1 (B6)

x = l-n p2

>(n-l)/n

where the initial wvelocity Vo, 1s assumed to be negligible. The welght flow
through the nozzle can be found from the continuilty equation

AxVy

v
X

W= (B7)

and equation (B8) by means of v, = vz(pz/px)l/n,

1/2
o b, 2/n D, (n+1)/n
M Ol |62 B -

Equation (B8) is applicable for any pressure Py Wwhen the process expansion
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index n 1s known. TFor a perfect gas, the process Ilndex 1s ¥, the ratio of
the specific heat at constant pressure to the specific heat at constant volume
cp/eys where pvl = ¢ describes the expansion process. Writing equation (BS)
for the throat of the nozzle and dlviding this expllcit form of the weight-flow
equation by equation (B8) as shown previously give

- 1/2
2/n (n+1)/n

Py Py
] T \p,
b 2/n p (n+1)/n .
z) T \P2

! |

The pressure ratio Pt/PZ for critical flow 1s related to the process index as
follows:

(B9)

1
I

D n/(n-1)
5§-= (n i l) (BlO)

Substitutlon of thls equatlon into equation (B9) results in

ey
NACEEVACES

A 2/n (n+1)/n 1z
by by
& -G

This expresslion relates the ratlo of the area at any location to the throat
area, and the ratio of the pressure at station x +o the lnlet pressure for a

reversible expansion.

(B11)
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APPENDIX C

DETERMINATTON OF ISENTROFIC FROCESS INDEX

The best estimate of the process index n was determined for the wall
static-pressure data by application of the principle of least squares. A proc-
ess 1index was determined from (1) the nozzle inlet to and including the throat
of the nozzle, (2) the throat of the nozzle to the outlet, and (3) the inlet to
the outlet of the nozzle. This procedure was followed for each run as well as
in the consolidation of all wall statlc-pressure readings.

The index was determined by calculation of the sum of the sguares of the
differences between the observed values of px/pz at the varilous tap locations
and the theoretical pressure ratic determined by a specific value of n (or T)
(these values are given in ref. 5). This summation of the squares of the dif-
ferences 1s noted by

2
(rops - Ty) T =TT, ¢t T (c1)
tap 1

where Tobs is the observed or measured pressure ratio Py/Po at a specific
pressure tap and T is the theoretical pressure ratio corresponding to the
area ratio at the particular pressure tap. The function

9

2
f(Ti) = E (robs - rY,i) Ty =T1sVos = = Ty (c2)

tap 1
was minimized graphically by a plot of f(T) as a function of Y. The process

index mn, corresponding to the minimum value of the function, is tabulated in
the section, DISCUSSION OF RESULTS.
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TABLE I. - NOZZLE WALL STATIC-PRESSURE DATA (AIR)

[Nozzle inlet temperature, 55° F. ]

Pressure,

D,
in. Hg abs

29.67
29.48
28. 79
26483
22.25
18. 87
14.64
10.75
8.55
4.67
5.82

29. 64

eter

Pressure
ratio,

1. 000
+ 993
» 970
. 904
« 750
. 636
« 493
« 362
« 288
» 157
.196

Run

Pressure, | Pressure| Pressure, |Pressure
P, ratio, P, ratio,
in. Hg abs px/pz in. Hg abs px/p2
20,10 1. 000 10. 45 1.000
19.94 « 992 10. 39 . 994
19.50 « 970 10.15 » 971
18.17 « 904 9. 48 « 907
15.07 « 750 7.83 « 749
12.80 « 637 6+ 68 « 639
10.09 « 498 5.33 «510
7. 38 « 367 3493 . 376
5.83 « 290 3. 09 . 296
3¢ 25 162 3.17 + 303
4. 38 + 218 3.51 « 336
29.49 | ——=== 29.49 —————
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TABLE II. - NOZZLE WALL STATIC-PRESSURE DATA (SODIUM VAPOR)

(a) Axlal probe inserted

Run| Nozzle Nozzle wall pressure tap Condenser | Barometer| Separator| Nozzle Degrees | Nozzle|Condenser)Condenser
inlet (states state 1) inlet of dis- inlet outlet
(state 2) 1 2 3 4 5 6 7 8 9 4 ang 5) (state 2)| super- |charge|(state 4)|(state 5)
heat
(state 2)
Presgsure, p, in. Hg abs Temperature, T, p
14 25.49 25.38 124.84 |23.49 |19.77 |16.97 |14.09 }10.39 8.10 |5.12 6.89 29.33 1590 1811 21 1373 1357 1358
18A| 25.39 | -———= |-—--- 23.38 [19.66 [~--=- |----n [----- P RE T ———— 1611 21 1366 1358 1355
1B 25.45 25.40 [24.87 |23.50 [19.67 |16.97 |14.04 |10.54 8.37 |5.28 6.87 1609 19 1365 1360 1355
1BB 25.28 | =mmem { === 23.28 [-===~ [r--=-- 14.02 |----- --~-- |5.26 6.57 1608 18 1360 1356 1357
Pressure ratio, px/pe
14 1.00 0.996| 0.975| 0.922| 0.776| 0.666| 0.553| 0,408 | 0.318(0.201 0.270
LAA[ | | —===-| =mme- 921 JTT74) === mmmmm | mmmem | e e e
1B .998 <977 .923 773 .867 .552 .414 .329| .208| 270
BB Y | --===]| --—-- .92l = =m=-- B R R . 208 260
Pregsure, p, in. Hg abse
28 | #17.05 16.90 |16.40 [15.55 [13.05 [11.14 9.07 6.94 5.37 |3.57 3.44 29.29 1513 1522 9 1270 1260 1256
28A) ———--- 16,93 |—--vom | === 12.97 |-~--- 9.07 -—— ---- [3.59 3.46 1522 9 1270 1259 1257
2B 216.97 16.78 |16.40 |15.46 |13.,17 |11.15 9.16 6.89 5.97 |3.77 3.49 1523 10 1270 1259 1256
2BB| ------ 16.90 | —mem o 13.02 (----~ 9.186 ——— -——=- (3.69 -———- 1523 10 1271 1260 1256
Pressure ratlo, px/Pg
24 1.00 0.991| 0.962| 0.912| 0.765] 0.653| 0.532| 0,407 | 0.315}{0.209 0.202 .
28A «993] —--mm| e 761 —=--- 532 wmmem | === .21 .203
2B .989 .966 .911 .776 «657 .540 408 .352| .222 .2086
2BB «996) ———-=| —mmee 767 —==-- 540 —~eem | = e 217 -
Pressure, p, in. Hg abs
3A 83.52 8.49 8.30 7.86 8.69 5,76 4.80 3.64 2.81 }1.85 1.66 29.19 1405 1437 32 1198 1164 1158
ZAA ag,sl 8.54 8,28 7.71 6.55 5.68 4.68 3,55 2,80 |1.78 1.85 1404 1439 35 1198 1165 1158
3B 88,80 8.40 8,31 7.91 6.56 5.61 4.80 3.83 2.84 {1.81 1.63 1405 1442 37 1196 1164 1161
3BB| ----- 8.54 -—-- 7.90 ——— S.63 ———- -——— e -——— 1405 1441 36 1190 1168 1161
Pressure ratio, py/pa
3A 1.00 0.997| 0.974| 0,923| 0.785| 0.676} 0.563| 0.427 | 0.330|0.217 0.195
ZAA .992 .962 .896 .761 .660 .544 .410 .325( 207 192
3B 977 966 .920 .763 .652 .558 422 .330( .21 .190
3BB 993 ----- 918 ----- B85 mmmmm| cmmem | mmeem | mm e e e
Pressure, p, in Hg abs
44 22g8.78 28.59 [27.87 [26.23 [22.26 [19.56 [17.00 [12.21 8.08 [5.86 6.78 29.22 1610 1839 29 1365 1357 1356
4AA| 828,61 28.39 (27.62 | 26.17 [22.17 {19.48 |17.00 12,28 8.17 |5.88 6.59 1811 1648 37 1380 1358 1356
4B 228,90 28.88 [27.89 26,04 [21.89 ]18,79 [15.52 |1l1l.74 9.14 |5.88 6.83 1612 1621 9 1366 1357 1355
4BB| 828.76 28.54 (27.85 | 26,04 |21.92 [18.64 |15.52 [11.43 8.96 [5.83 6.80 1612 1621 9 1365 1356 1355
Pressure ratio, p,/pp
4A 1.00 0.993] 0.988] 0.911| 0.774| 0.880| 0.591| 0.424 | 0.281]0.204 0.238
4AA 992 .965 .915 +775 .681 .594 429 .286( .208] +230
4B .992 . 965 .901 .757 .650 .537 .406 L3171 . 204 .236
4BB .992 .968 .904 .762 .648 .540 .397 .312| .203 . 236 1
8Extrapolated data.
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(b) Axial probe removed

Run | Nozzle Nozzle wall pressure tap Condenser |Barometer Separator| Nozzle Degrees |Nozzle|Condenser|Condenser
inlet (states (state 1)| 1inlet of dis- inlet outlet
(state 2) 1 2 3 4 5 6 7 8 9 4 and 5) (state 2)| super- {charge|(state 4)|(state 5)
heat
(state 2)
Pressure, p, in. Hg abs Temperature, T, OF
54 | B15.42 15.44 |15.07 [14.01 |11.96 | 10.19 | 8.38 | 6.57 | 4.96 | 3.31 3.83 29.38 1500 1500 [¢] 1270 1261 1258
5AA| 815,42 15,35 |15.02 |14.08 |11.99 | 10,12 | 8,31 6.41 | 4.98 | 3.31 3.75 1501 1501 0 1267 1259 1257
5B 15.84 15.68 [15.15 (14.18 |11.97 | 10.32 8.38 6.40 5.02 | 3.05 3.50 1500 1562 62 1263 1254 1251
SBB| 815.64 15.57 (15.23 |14.12 |11.94 | 10.15 8.22 6.40 4.99 [ 3.09 3.56 1500 1561 61 1277 1253 1254
Pressure ratlo, py/pp
SA 1.00 1.00 0.977| 0.909| 0.776 0.661| 0.543| 0,426| 0.322| 0.215 0.248 29.38
SAA .996 .974 .913 .778 .656 .539 .416 .3231 .215 .243
SB .990 .956 .895 - 756 .652 .529 <404 317 .193 .221
S5BB +996 974 .903 .763 .649 .526 .409 .319] .198 .228
Pressure, p, in. Hg abs
6A 5.96 5.89 | 5.74 | 5.32 | 4.56| 3.81 | 3.21 | 2.51 | 1.91 |1.29 1.27 29.14 1344 1379 35 1117 1106 1098
6AA 5.85 6.02 | 5.95 | 5.46 | 4.57 | 3.89 | 3.23 | 2.51 | 1.92 |1.26 1,04 29.14 1346 1381 35 1121 1113 1105
Pressure ratio, py/pp
BA 1.00 0.988| 0.963| 0.893| 0.765 0.639| 0,539 0.421] 0.321]| 0,216 0.213 29.14
6AA 1.00 1.029( 1.014 .933 .781 .665 .552 .429 .328f .215 .178 29.14
Pressure, p, in. Hg abs
74 8.42 8.45 | 8.31 | 7.76 | 6.56 | 5.59 | 4.83 | 3.61 | 2.77 | 1.80 2.24 29.14 1400 1422 22 1208 1201 1200
7AA 8.40 8.36 | 8.4 | ——— | === | —=—= | --—- ——— i et ———- 29.14 1395 1418 23 1207 1200 1198
Pressure ratio, Dy/Do
74 1.00 1.004( 0.987| 0.922| 0.779 0.664| 0.550[ 0.429| 0.329} 0.214] 0.266 29.14
7AA 1.00 .995 W969( —-—-—| —--oo mmmmel ool e e | e 29.14
Pressure, p, in. Hg abs
84 12.05 12,02 |11.66 {10.88 | 9.22 | 7.88 | 6.52 | 4.98 | 3.91 | 3.14 3.52 29.186 1456 1479 23 1265 1258 1260
8AA | 12.10 12.07 [11.78 ]10.99 | —=—=} ———= | ---—- | - - ——-- 29.186 1457 1479 22 1265 1257 1259
Pressure ratio, py/Dp
84 1.00 0.998| 0.968] 0.903] 0.765 0.654| 0.541 0,413| 0.325/0.261] 0.292
8AA 1.00 .998 .974 908 ~—---| oo oo cmeoe| e oo e

8Extrapolated data.
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TABLE III. - AXTAYL, PRESSURE DATA (SODIUM VAPOR)

Run 1A Run 1B Run 1C
Probe pressure Pressure, |Pressure Probe pressure Pressure, |Pressure Probe pressure Pressure, | Pressure
tap position D, retio, tap position P, ratio, tap position P, ratio,
from nozzle inlet, |in. Hg abs Px/Pz from nozzle inlet, in. Hg abs Px/Pz from nozzle inlet, |in. Hg abs px/PZ
in. in. in.
Probe travel: outward Probe travel: inward Probe travel: outward
0.128 25.23 0. 999 0.128 25.08 0. 999 0.126 W 25. 30 0.999
1.208 24. 21 . 959 . 423 25, 05 998 1.031 24.61 . 972
1.599 22,71 899 . 760 24. 84 990 1.566 23.00 . 908
2.013 19.72 781 1.033 24.51 977 1.901 20. 81 . 822
2.287 17.11 .B878 1.291 23.88 951 2. 308 16.86 . 666
2.500 14.72 583 1.524 22.98 916 2.618 13.22 .522
2.758 11.18 443 1.758 21.64 . 862 2.972 8.99 . 355
3. 037 8.15 323 1.990 19.54 778 3. 335 6.02 . 238
3.237 68.52 .258 2.210 17.47 . 896 3. 807 4.69 .185
3. 818 4.62 .183 2.367 15. 94 635 Condenser 8. 87 0.271
Condenser 6. 89 0.273 2.587 13.22 527 Barometer 29.32 | ~am--
Barometer 29.32 ame—- 2.819 10. 44 416
2.219 6.70 267 Location State |Tempera-
Location State |Tempera- 3.524 5.35 . 213 ture,
ture, 3.818 4.54 .181 T,
T, Condenser 6. 89 0.275 o
OF Barometer 29.32 | ~o---
Separator 1 1590
Separator 1 1590 Location State |Tempera- Nozzle inlet 2 1609
Nozzle inlet 2 1610 ture, Nozzle inlet (de- 2 19
Nozzle inlet (de- 2 20 T, grees of superheat)
grees of superheat) oF Nozzle discharge - 1364
Nozzle discharge - 1365 “Feparator 1 1590 Condenser inlet 4 1359
Condenser inlet 4 1358 Nozzle inlet 2 1610 Condenser outlet 5 1356
Condenser outlet 5 1357 TNozzle inlet (de- 2 20
grees of superheat)
Nozzle discharge - 1364
Condenser inlet 4 1358
Condenser outlet 5 1357
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Run 2A Run 2B Run 2¢C Run 2D
Probe pressure Pressure, | Pressure Probe pressure . Pressure, | Pressure Probe pressure Pressure, |Pressure Probe pressure Pressure, | Pressure
tap position D, ratlo, tap position P, ratio, tap position P, ratio, tap position P, ratio,
from nozzle inlet,|in. Hg abs px/pe from nozzle inlet, {in., Hg abs px/be from nozzle inlet, |in. Hg abs px/p2 from nozzle inlet, |in. Hg abs px/p2
in. in. in, in.
Probe travel: outward Probe travel: inward Probe travel: outward Probe travel: inward
0.128 16.83 0.999 0.128 16.76 0.997 0,717 16.80 0.987 0.358 17.00 0.994
.783 16.58 .984 .306 16.85 1.002 1.168 16.23 .954 .760 16.75 .980
1.429 15.58 .923 .540 16.78 .998 1.378 15.81 .929 1.021 16.40 .958
1.8992 13.28 .789 .891 16.60 .988 1.737 14.70 .864 1.588 15.03 .879
2.322 11.15 662 1,191 16.17 .962 1.968 13.58 .798 2.031 12.89 .754
2.702 8.14 .483 1.4390 15.54 .917 2.241 11.77 692 2.361 10.74 .628
2.922 6.50 +386 1.723 14.55 .866 2.459 10.33 . 607 2.704 7.84 .458
3.175 4.81 .285 1.913 13.65 .812 2.628 8.71 .512 3.195 4.62 . 270
3.424 4.01 238 2.087 12.77 .760 2.841 7.12 418 3.791 2.93 .175
3.787 2.89 172 2.231 11.65 +693 3.087 5,28 311 Condenser 3.69 0.216
Condenger 5.44 0.204 2.388 10.60 631 3.273 4.43 .260 Barometer 29.15 | -----
Barometer 29.27  ----- 2,512 9.58 570 3.442 4.12 242
2.702 7.79 .463 3.624 3.48 .204 Location State |Tempera-
Location State  Tempera- 2.942 6.01 «358 3.797 3.00 <176 ture,
ture, 3.265 4.31 256 Condenser 3.49 0.205 'y
T, 3.542 3.67 .218 Barometer 29,20 | ————- OF
oF 3.797 2.90 .173 :
Condenser 3.46 0,206 Location State  Tempera- Separator 1 1515
Separator 1 1511 Barometer 29.23 —me-- ture, Nozzle inlet 2 1523
Nozzle inlet 2 1522 T, Nozzle inlet (de- 2 8
Nozzle inlet (de- 2 11 Location State Tempera- OF grees of superheat)
grees of superheat) ture, Nozzle discharge - 1270
Nozzle discharge - 1268 y Separator 1 1515 Condenser inlet 4 1260
Condenser inlet 4 1258 OF ﬁozzie 1n%e€ (a 2 1523 Condenser outlet 5 1256
Condenser outlet E 1255 ozzle inle e- 2 8
Separator 1 1514 grees of superheat)
i ozzle inlet 2 1523 Nozzle discharge
Nozzle Inlet (de- 2 9 & - 1271
grees of superheat) Condenser inlet 4 1261
Nozzle discharge - 1270 [|Condenser outlet 5 1256
Condenser inlet 4 1261
Condenser outlet 5 1253
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TABLE III. - Concluded. AXTAL PRESSURE DATA (SODIUM VAPOR)
Run 34 Run 3B Run 44 Run 4B
Probe pressure Pressure, |Pressure Probe pressure Pressure, | Pressure Probe pressure Pressure, |Pressure Probe pressure Pressure, |Pressure
tap position D, ratio, tap position P, ratio, tap position P, ratio, tap position P ratio,
from nozzle inlet, fin. Hg abs| p,/po from nozzle inlet, [in. Hg abs! p,/py from nozzle inlet, |in. Hg abs| py/pp from nozzle inlet, (in. Hg abs| py/pp
in. in. in. in.
Probe travel: inward Probe travel: outward Probe travel: inward Probe travel: outward
0.130 8.46 1.001 0.155 8.44 0,999 0.129 28.50 1.000 0.129 28.59 1.000
+305 8.42 .996 .410 8.42 .996 .432 28.37 995 510 28.41 .993
+505 8.44 .999 +865 8.35 .988 .686 28.17 988 .930 27.99 .978
770 §8.46 1.001 1.141 8.15 .964 .963 27.80 .875 1.350 26.89 .940
1.280 7.98 .944 1.464 7.79 922 1.214 27.17 .953 1.616 25.89 .898
1.589 7.66 .908 1.735 7.37 872 1.444 26.37 .925 1.937 23.13 .809
1.857 6.93 .820 2.032 6.58 779 1.663 24.82 871 2.128 21.11 .738
2.114 6.23 737 2.198 5.90 .698 1.858 23.51 825 2.359 18.62 . 651
2.256 5.65 .669 2.503 4.99 .591 2.044 21.75 L7863 2.517 16.69 .584
2,392 5.23 .619 2.688 4.08 483 2,298 18.85 .681 2.697 13.57 474
2,594 4.44 .525 2.853 3.41 . 404 2.734 12.85 .451 2.927 10.76 .376
2,956 3.02 .357 3.121 2.55 . 302 2.937 9.85 346 3.087 8.95 .313
3.281 2.12 .251 3.402 2,15 254 3.345 6.37 224 3.285 7.10 248
3.559 1.80 .213 3.472 2.06 244 3.570 5.80 .204 3.455 6.42 224
3.787 1.48 .175 3.670 1.65 +195 3.793 4.81 .168 3.676 5,78 .202
Condenser 1.65 0.195 3.802 1.47 .174 Condenser 6.59 0.231 3.793 . 4.91 .172
Barometer 29.16 --——- Condenser 1.63 0,193 Barometer 29,22 ----- Condenser 6.59 0.230
, Barometer 29,16 = —-—-- . Barometer 29.28 —-eaa
Location State Tempera- ? Location State |Tempera- ? S
ture, Locatilon State ' Tempera-~ ture, Location State  Tempera-
s ture, ) ture
OF T, OF T,
OF OF
Separator 1 1403 Separator 1 1611 Separator 1 1611
Nozzle inlet |2 lagz  poparater : 1404 Nozzle tnlet 2 1624 Nozzle inlet 2 1621
Nozzle inlet (de- 2 39 Nozzle inlet (de- 2 40 Nozzle inlet (de- 2 13 Nozzle inlet (de- 2 10
grees of superheat) grees of superheat) grees of superheat) grees of superheat)
Nozzle discharge - 1198 Nozzle discharge - 1200 Nozzle discharge - 1365 Nozzle discharge - 1365
Condenger inlet 4 1163  gondenser inlet 4 1163 Condenser inlet 4 1357  Condenser inlet 4 1357
Condenser outlet 5 1157 condenser outlet s 7359 Condenser outlet 5 1355 Condenser outlet 5 1355
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